The bloodstain is one kind of the most important evidences in crime scenes. Laser-induced breakdown spectroscopy (LIBS) technology was used in this paper to distinguish bloodstains from analogs and determine the time since deposited (TSD) of bloodstains. Combined with support vector machine classifier, the identification results of bloodstains from analogs achieved 96% in 20 s. Four kinds of substrates were chosen to simulate the grounds and lethal tools in crime scenes. The linear relationship between single spectral line intensity and TSD was analyzed. The Pearson linear correlation coefficient (Pearson's r) calculated on the stone bricks calibration result is higher than 0.9. The spectral line intensity ratio was proposed to improve the linear calibration relationship with TSD. Building the calibration relationship between intensity ratios and TSDs, the Pearson's r and R 2 values for results on all four substrates were improved. For stone bricks, ceramic tiles, and copper plates, the correlation coefficients were all higher than 0.95. Especially for results on stone bricks, the Pearson's r achieved 0.99024 and the R 2 value achieved 0.97571. The optimal single lines for calibration on four substrates were all related to Fe element and the optimal line intensity ratios were all ratios of an Fe line to a line of other elements.
Identification and Determination of the Bloodstains Dry Time in the Crime
Scenes Using Laser-Induced Breakdown Spectroscopy
Introduction
In the crime scene, many trace evidences can often be left as clues. These evidences help policemen and detectives to know what happened here and when it happened. Among these kinds of material evidences, bloodstain is one of the most important traces which contribute much information about the incident time and suspects. In many cases, suspects cannot be captured in a short time because the police cannot make quick analysis of the scene marks. And fugitives are a threat to social security. If the age of bloodstains can be determined as soon as possible, it will be able to determine the time of the crime more quickly and assist investigations of violent crimes. So, for the policemen and detectives, it is highly desired to know the time since deposition (TSD) of the blood spot against time. [1] Since 1930, Prof. Dr. Schwarzacher attempted to find the relationship between the solubility of blood in water and its TSD. [2] In 1960, D. Patterson used the changing color of bloodstains to determine the age of bloodstains. [3] The C. I. E. chromaticity coordinate was found relative to the TSD of bloodstains, but not a good linear relationship. Tsutsumi A et al. determined the age of bloodstains by enzyme activities in blood cells in 1983. [4] Using ratios of LDH/GOT and GOT/GPT, the method they proposed showed a possibility to be applicable even the blood volume of bloodstains was unknown. However, the result is still not accurate and it needs a complex chemical process. And also, some gene technologies have been used in this field. For example, M. Bauer investigated 106 bloodstains stored up to 15 years using quantification of RNA degradation by semi-quantitative duplex and competitive RT-PCR. [5] Their result showed that although RNA continues to be degraded in dried bloodstains, mRNA suitable for RT-PCR can be isolated from samples stored for at least 15 years. But because of the sophisticated RNA extraction process, it's still not an ideal solution.
Recently, some new spectral methods were used to identify the age of bloodstains. J. Agudelo et al. tested the use of the ALP biocatalytic assay to estimate the TSD of dried bloodstains. [6] Their model shows a sufficient correlation between the age predicted by the catalytic assay and actual age established by the assay. But the instruments are complicated and not portable. Kyle C. Doty et al. developed a Raman spectroscopic approach for determining the age of bloodstains up to 1 week old. The R 2 values of quantitative predictions of TSD is 0.97 and the 1 h bloodstains can be distinguished from older bloodstains. [7] However, the bloodstains in the crime scenes are easily to be covered or polluted by other materials like dust. This will have an important influence on getting good Raman spectra if the cover were not removed by ablation or other methods. Huimin Sun et al. used visible reflectance spectroscopy technique to determine the TSD. [8] Compared with principal component regression (PCR) and partial least squares regression (PLSR), least squaressupport vector machines (LS-SVM) performed better to build the regression model. Yinming Zhang et al. used ATR-FTIR to study the variation in absorbance at certain wavelengths as rat and human blood sample dried out. [9] The absorbance at 3308/cm was found to have a close correlation with the TSD. Later, they made the experiments under the simulated indoor and outdoor crime scene conditions. [10] But only the glass slides were used as substrate, which is not common in the crime scenes. T. Bergmann et al. made substrate-independent age estimation of blood stains based on dimensionality reduction and k-nearest neighbor classification of absorbance spectroscopic data. [11] However, only three kinds of substrates, cotton, polyester and glass surfaces were selected in the experiment and the study was still acquired under laboratory conditions. Furthermore, just like using Raman spectra, the dust also has a significant influence on the reflect spectra and absorb spectra. S. Mc Shine et al. applied fluorescence lifetime to determine the time since the deposition of bloodstains. [12] The results showed a decrease in the fluorescence lifetime within the first 91 hours of deposition, after which the fluorescence lifetime plateaued. In 2018, A. Majda et al. used hyperspectral imaging to analyze dry blood spot (DBS). [13] Although this is a fast and non-destructive method, the two hyperspectral systems used in the experiment are sophisticated and the samples need a laboratory environment to store. A fast, real-time method which is suitable for crime scene substrates is still needed.
In this paper, we proposed to use LIBS to distinguish bloodstains from red paint stains and determine the TSD of the bloodstains. LIBS has been used in the forensic field recently. Agnieszka Kula et al. used However, no one has yet applied LIBS to detect blood deposition time. LIBS is a real-time, in-situ and multi elements simultaneous detection technique and with the ablation process, it can be used to analyze samples without considering the effects of surface dust. [20] - [22] Meanwhile, many portable LIBS instrument has been developed and don't need LIBS professionals to operate in the application. [23] - [25] In this paper, we proposed to identify bloodstains among paints analogs with LIBS and then use LIBS to analyze TSDs of bloodstains on four kinds of substrates. LIBS is a potential technique for detecting blood deposition time.
Experimental Details

Experiment Setup
A schematic of the external trigger mode LIBS setup used in experiments is illustrated in Fig. 1 and the internal trigger mode LIBS setup is shown in Fig. 2 . The external mode was used to get blood spectra of different TSD for calibration and the internal mode was used to get spectra of blood and paints for identification. A flash-pumped Q-switched Nd: YAG laser (λ = 1064 nm, pulse frequency 1 Hz, pulse duration τ = 5 ns, beam diameter 6 mm, energy 50 mJ/pulse) was used to excite the sample's surface in both two modes. The laser propagation direction was changed through three plane mirrors and finally focused on the sample surface by a convex lens with a focal length of 100 mm. The plasma radiation generated by the excitation of laser pulses on samples was focused on the incident end of an optical fiber ( 600 μm) through a lens with a focal length of 36 mm. The outlet of optical fiber was connected to a two-channel spectrometer (AvaSpec 2048-2-USB2, Avantes) covered a range of 190 nm to 1100 nm with a resolution of 0.2∼0.3 nm. The only different part in these two modes is the delay trigger method. External trigger used a photodetector and a DG535 (SRS-DG535, Stanford Research System). When the photodetector detected the laser signal, it triggered the DG535 which triggered the spectrometer to start collecting after 10 ns delay. With the timing delay of the spectrometer, the spectral acquisition delay time was set as 1.28 μs from the laser excitation to reduce continuous bremsstrahlung interference. The integral gate width of CCD was set to 2 ms. In the internal mode, the spectrometer triggered the flash lamp of Nd:YAG laser and after a preset delay time it started to collect spectra. The delay time since the lamp lighting to collecting spectra was set to 377 μs by the control software of the spectrometer (Avasoft 7.6.1, 2011 Avantes). The integral gate width of CCD was set to 10 ms.
Sample Preparation
In our experiment, defibrinated equine blood was chosen to simulate human blood, because defibrinated equine blood was a suitable alternative to human blood. [26] The defibrinated equine blood was purchased from Beijing Baiao Laibo Technology Co., Ltd. In order to imitate the possible substrate in crime scenes, four kinds of substrates were prepared for the sediment of blood and they covered common crime scenes and lethal tools. In our case, stone bricks and ceramic tiles were used to imitate the ground environment of the crime scene, and H62 copper plates and 304 steel plates were used to imitate common metal lethal tools. Meanwhile, two kinds of paints were used to represent interferences of bloodstains. The red paint was used to simulate fresh bloodstains and rust red paint was used to simulate old bloodstains, both of the colors were similar to the naked eye.
The stone bricks were made in round pieces with a diameter of 55 mm and a thickness of 3∼4 mm. The ceramic tiles were made in rectangle pieces of 100 mm × 100 mm × 5 mm. The H62 copper plates and 304 steel plates were made in rectangle pieces of 100 mm × 100 mm × 1 mm.
For the blood identification experiment, the blood and two kinds of paints were dripped on the different areas of one stone brick by a quantitative pipette (Top Pipette 100∼1000 μl, 0.03% inaccuracy, DragonLAB), each kind of liquid 200 μl. The sample is naturally dried in room temperature. And a three-dimensional motorized stage was used to adjust the focus position of the laser on the sample. And for every deposited area of the stone sample, 100 spectra were collected through the internal trigger mode LIBS setup, each on a fresh position.
For the TSD of bloodstains experiments, the defibrinated equine blood was dripped on the four kinds substrates by a quantitative pipette at 1:00 am, 3:00 am, 5:00 am, 7:00 am, 8:00 am and 9:00 am, each time each kind of substrate 200 μl. In whole, 24 samples were prepared and naturally dried in room temperature. At 10:00 am, the samples were used in the LIBS experiment. Human clotting time is 5-12 minutes, we used at least 1 h time step to simulate the time when police or crime doctor arrived at the crime scenes. For every deposited area of the samples, after stabilizing the spectra signal, 10 spectra were collected through the external trigger mode LIBS setup. In this way, the spectra collected from the samples were related to TSD of 1 h, 2 h, 3 h, 5 h, 7 h, 9 h. In subsequent experiments, also longer deposited times were tried, but bloodstains on some substrates such as copper and steel were broken due to long drying time. However, for absorbent substrates like bricks and other grounds, this phenomenon did not happen.
Results and Discussion
The Identification of Bloodstains
For blood, red paint and rust red paint, 100 spectra were collected on the stone brick substrate, respectively. The spectra for each kind of samples were shown in Fig. 3 . More lines can be found in the paints spectra than the blood spectra. And compared with the red paint spectrum, the spectrum of rust red paint has more lines related to metal elements in the wavelength range from 250 nm to 600 nm. This is related to the rust red paint containing more iron and other metal elements, which contributed to generate a color like rust. Although some elemental lines can be found in all three kinds of spectra, such as Ca lines around 393 nm, Na lines around 589 nm and K lines around 766 nm and 769 nm, the intensities of these lines are different among samples. Even though recognized by naked eyes, the red paint is similar to fresh bloodstain and the rust paint is similar to old bloodstain, the bloodstains can be distinguished from paints on the substrates through the characteristics of spectra. 100 spectra for each kind sample were divided into training set (75 spectra) and testing set (25 spectra). As an unsupervised clustering method, PCA was used for rough classification of the training set data. Choosing the first three PCs to construct plots, the clustering result was illustrated in Fig. 4 and it showed the good separability of spectral data. It was found that the three kinds of samples were only little partially overlapping in the PCA plots.
Moreover, the same training set and testing set were also used for supervised classification. Dividing the samples into bloodstains and non-bloodstains, using the training set data to build an SVM classifier, and the classifier was used to identify the testing set data. The relevant parameters (cost parameter: c and kernel function parameter: g) were optimized by the Particle Swarm Optimization (PSO) algorithm. When the whole spectral range were used for analysis, the correct classification rate (CCR) achieved 100% and all samples were identified correctly. But this took a long time (several hours) for analysis. In this research, we want to propose LIBS as a potential detection method for bloodstains in crime scenes, in which the high-speed of analyzing process is very important. So, the Random Forests (RF) feature selection method proposed by us before [27] was used to select the most important 20 lines for analysis to reduce the processing time. In this way, the CCR achieved at 96.0% in 20 seconds. The SVM parameters were optimized to c: 3.2788 and g: 1.6603 by the PSO algorithm. The results demonstrated that LIBS can be used to distinguish bloodstains from analogs in the crime scenes. Furthermore, the determination of TSD of bloodstains in the crime scenes will be discussed in details.
The TSD of Bloodstains
In order to decrease the impact of laser energy fluctuation to the spectra, every spectrum was standardized through being divided by the intensity sum of its all pixels. And then the intensities of every pixel were multiplied by 1,000,000 to represent the standardized intensities. For all four kinds substrates, the sum of 10 spectra for each TSD were calculated and used in calibration. The sum spectra for each TSD of bloodstains were shown in Fig. 5 . As illustrated in Fig. 5 , intensities of apparent peaks were different in each TSD, but there was no intuitively exact up or down trend. In the spectra of bloodstains on the stone bricks, we can see some peaks between 400 nm and 600 nm showed a rough rise trend with the TSD rising. Comparing with this, the spectrum with a TSD of 2 h demonstrated in Fig. 5(d) collected on steel plates showed much higher intensities than other TSDs. For some unknown reasons, the spectra of other TSDs on steel substrates showed no trend. This may be due to the interference of Fe in the substrate.
In order to obtain the optimal linear relationship between peak intensity and TSD, the lines were chosen rather than the pixels to calculate peak intensities. In the wavelength range from 200 nm to 1100 nm, 71 obvious lines were selected and listed in Table 1 with their relative elements. The TABLE 1 The 71 Selected Lines and Corresponding Elements intensity of each line was calculated by summing intensities of all pixels containing in the spectra line width. The selected lines were related to 9 elements (Fe, Ca, C, Na, O, N, Si, H) and 1 molecular band (CN band). Among the 71 lines, 29 are related to Fe, which is the major metal element in the blood. Na is the major element in the EDTA anticoagulant solution which was added to store defibrinated equine blood. Meantime, the different kinds of substrates also contributed to the lines and intensities. Analyzing spectra on different substrates, the detection results on different kinds of crime scenes can be predicted.
Each of all the 71 lines was used to make the linear calibration between TSDs and peak intensities. The Pearson linear correlation coefficient (Pearson's r), R 2 , root mean squared error (RMSE) and prediction accuracy (PA) values were also calculated to evaluate the calibration results. The RMSE was calculated by formula (1) and the PA was calculated by formula (2) .
where n is the number of prediction points (here it was 6), F t is the fitting TSD and O t is the original TSD. For each kind of substrates, the optimal calibration line was chosen and listed in Table 2 with their relative element, Pearson's r, R 2 , root mean squared error (RMSE) and prediction accuracy. The calibration curves were demonstrated in Fig. 6 .
The optimal spectral lines for calibration on four substrates were all related to Fe. As a function element contained in Hemoglobin, Fe is the most important metal element in the blood. And after deposited, the iron form changes with oxidation in the air. This caused the excitation condition to change and the corresponding line intensity to change. The Pearson's r of Fe-558.5 nm on stone bricks achieved 0.93082 and R 2 achieved 0.83303, which showed a good linear relationship. However, for the other three substrates, the Pearson's rs were less than 0.9 and R 2 values were less than 0.8. The linear calibration results were not accurate enough for the analysis of crime scenes. Especially on the steel plates, the R 2 value was only 0.27250. This may be due to the interference of Fe element in the substrate. As a prior knowledge, the major element in the 304 steel plates is also the Fe element. The prediction accuracy also showed similar results. For all four kinds of substrates, the prediction results showed a low accuracy less than 0.70. Only for the stone bricks, the prediction accuracy was higher than 0.60. This may be because in these substrates, there were often some iron composition and could cause interference to Fe lines.
In order to improve the linear calibration results, two calibration methods, were proposed to plot the calibration curves. The first one is finding the relationship between TSD and the sum intensity of all lines related to each element and the second one is using the spectral line intensity ratio to do the calibration. With the sum intensity of one elemental lines, the calibration result was worse than before. The Pearson's rs were all less than 0.8.
However, using the intensity ratio was a good way to improve the calibration results. The optimal spectral line ratio for calibration of each substrate was chosen and listed in Table 3 . Building the linear relationship with TSDs, the Pearson's r and R 2 values were risen in all four kinds substrates. As demonstrated in Table 3 , the correlation coefficients of spectra line ratios on stone bricks, ceramic tiles and copper plates are all higher than 0.95. Especially for stone bricks, it achieved 0.99024 and the R 2 achieved 0.97571. Even for steel plates, the Pearson's r has achieved higher than 0.85. The prediction accuracy of stone bricks, ceramic tiles, copper plates and steel plates all showed an increasing and the first three kinds of substrates achieved higher than 0.60. Especially for the stone bricks, it achieved a highest accuracy at nearly 0.90, which would cause a deviation only about ten minutes for identifying the crime time. The results were instructive to quickly determine the blood deposition time on site. However, although with an outstanding increasing, for the steel plates, the accuracy was still lower than 0.6. Using the intensity ratio was a potential method to reduce the interference of Fe lines from substrates, but as the main elements of steel plates, the iron still had major effects.
The optimal line intensity ratios for four kinds of substrates were all the ratio of the Fe element line to the line of other elements. This coincides that iron is an important functional element of hemoglobin and has a high quantity in blood.
The optimal calibration curves based on the relationship between intensity ratios and TSDs were demonstrated in Fig. 7 . According to Table 3 and Fig. 7 , the TSD of bloodstains in many similar crime scenes like the first two substrates can be determined accurately by LIBS spectral line intensity ratios. Even the exact TSD cannot achieved when analyzing the bloodstains on some metal lethal tools, this method can also be used to predict the approximate time.
Conclusion
In this work, LIBS technique was proved can be used to identify the bloodstains from red and rust red paints analogs, and combined with SVM classifier the CCR was achieved 96% in 20 seconds. In order to simulate grounds and lethal tools in the crime scenes, four kinds of substrates (stone bricks, ceramic tiles, copper plates and steel plates) were used in the experiment for detection of bloodstain TSD. Finding the relationship between the intensities of single line and TSDs, the Pearson's r for the results on the stone bricks is higher than 0.9. For stone bricks, the prediction results showed accuracy higher than 0.50. Furthermore, using the spectral line intensity ratio to build the calibration curve, the correlation coefficients and R 2 values for both four kinds of substrates were improved drastically. For the stone bricks, the correlation coefficient was 0.99024 and the R 2 value was 0.97571. The Pearson's r calculated from results on stone bricks, ceramic tiles and copper plates were all higher than 0.95. The prediction accuracy of all four kinds of substrates showed an increasing and achieved higher than 0.70 for stone bricks, ceramic tiles and copper plates. Especially for the stone bricks, it achieved a accuracy nearly 0.85. Based on the fast, minor destructive and in situ advantages of LIBS, it can be used to identify bloodstains and determine the TSD of bloodstains in most kinds of crime scenes. The experimental results demonstrated that with LIBS technology, the detectives and policemen can identify the bloodstains and determine the TSD of bloodstains as soon as they arrived the crime scenes and don't need to bring sample back for analysis or seek professionals' help. The optimal single lines used in calibration for four substrates were all related to Fe element. The optimal intensity ratios for four substrates were all calculated from ratio between a Fe line and a line related to other elements. This may be because iron is an important metal element in hemoglobin. Due to iron is also the main element of steel substrates, the calibration result on the steel plates was not as good as others.
